of AMNs. The fact that this cellular movement occurs in the slice preparation has allowed us to follow this phenomenon direct/y within the same specimen over a period of days. In addition, we have been able to observe the translocation of AMNs following the removal of their peripheral synaptic targets. The results of these experiments provide further evidence that AMNs undergo a dorsal translocation during the course of spinal cord development, and that this cellular movement may be due to an active migration.
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Correspondence should be addressed to Dr. James E. Vaughn Discovering how cellular diversity is generated during neuronal differentiation is an important challenge facing developmental neurobiologists. We have chosen to explore one aspect of the differentiation of neuronal phenotypes by studying two closely related subsets of spinal cord motor neurons: the somatic motor neurons (SMNs) that innervate striated muscle, and the autonomic motor neurons (AMNs or preganglionic neurons) that innervate the peripheral neurons of the sympathetic nervous system. In previous studies, evidence has been provided that these two motor neuronal subsets (I) have the same birthdays (Barber et al., 199 1) and, possibly, a similar site of origin within the ventral ventricular zone (Phelps et al., 199 la) ; (2) are probably clonally related to one another (Leber et al., 1990) ; (3) leave the ventricular zone together to form a common, primitive motor column (Phelps et al., 199 la) ; and (4) begin to express their neurotransmitter synthesizing enzyme, ChAT, about the time that they form the primitive motor column (Phelps et al., 199 la) . Furthermore, both subsets of motor neurons initially are intermixed in this common column before AMNs become segregated near its dorsal pole while SMNs remain located ventrally (Markham and Vaughn, 199 1) . Following this dorsoventral segregation, AMNs exhibit secondary, progressive translocations either dorsally or dorsomedially until they attain their characteristic spinal locations just prior to birth (Markham and Vaughn, 199 1; Phelps et al., 1991a Phelps et al., , 1993 . Although SMNs and AMNs share a number of common characteristics as outlined above, they also exhibit phenotypic differences in such features as size, spinal location, dendritic patterns, and specific synaptic targets in the periphery. While the precise factors mediating these differences are unknown, the various migratory routes taken by these two subsets of spinal motor neurons may express epigenetic signals that trigger the differentiation of these CNS cells in much the same way as diverse migration pathways are thought to play a role in the differentiation of neural crest derivatives in the periphery (Bronner-Fraser and Fraser, 1988) . Developmental patterns of motor neuronal migration have been inferred from observations obtained with the independent techniques of ChAT immunocytochemistry (Phelps et al., 199 la) and HRP retrograde labeling (Markham and Vaughn, 199 1) . Although the descriptive in vivo results from these two methods agree well with one another, they do not provide a direct demonstration of cellular migrations. Such a demonstration is difficult in mammalian embryos because they are relatively inaccessible to experimental analyses. In an attempt to obviate this difficulty, we have developed an in vitro slice preparation of embryonic rat spinal cord. This preparation allows direct observation of cellular movements during development, as well as experimental manipulations designed to reveal the mechanisms of ontogenetic events. We have determined that the embryonic spinal cord maintains its essential histotypical features in slice culture. Furthermore, it has been possible to observe motor neuronal translocations directly in the slices and to determine that they mimicked those inferred in vivo. Moreover, it has been found that AMN translocations in the in vitro slice can occur without continuous contact between these cells and their synaptic targets in the periphery.
Materials and Methods Experimental animals and embryo preparations
Adult, female Sprague-Dawley rats were placed in breeding cages overnight with males. Vaginal smears were prepared the following day to verify insemination, and the day that a positive smear was observed was designated as embryonic day 1 (E 1). This method of staging embryos makes specimens used in this study appear to be a day older than those of investigators who designate the day following insemination as EO. Pregnant rats were deeply anesthetized with 2-2.5% halothane administered with a precision vaporizer. Embryos (El4 and E16) were removed individually by cesarean section with their placentas and embryonic membranes intact, and placed into sterile, cold Gey's balanced salt solution (Freshney, 1987) that was gassed continuously with a mixture of 5% CO, and 95% 02.
Prior to sectioning, the placentas and embryonic membranes were dissected, and the head and developing viscera were surgically removed from each embryo. The resulting trunk segment and attached forelimbs were embedded in 7.3% agarose (Sigma, type IX ultralow gelation temperature). These trunk segments included the embryonic spinal column containing the spinal cord and associated dorsal root ganglia, part of the aorta, and the paravertebral chain of sympathetic ganglia, as well as developing somatic musculature in both the trunk and attached forelimbs.
Spinal cord slices
Agarose blocks were trimmed and mounted for transverse sectioning ofembryonic trunk segments with an Oxford vibratome. Sections, 300-400 Frn thick, were placed in sterile, cold Gey's solution where the surrounding agarose was removed before slices were transferred by spatula to a drop of chicken plasma (Sigma, P-3266) on the bottom of a culture dish. A drop of thrombin (Sigma, T-6634; 250 U) was added to each specimen, and a clot formed that anchored the spinal slice to the culture dish. Alteratively, slices were affixed to the culture dish with Cell-Tak (BioPolymers, Inc.). Each culture dish contained two spinal slices, and was filled with I .5 ml of culture medium consisting of 50% Dulbecco's Modified Eagle's Medium, 25% Hank's balanced salt solution, 10% heat-inactivated fetal calfserum, 15% distilled water, 0.03% glutamine, 0.002% H,O,, and 20 rig/ml nerve growth factor. Up to this point, our procedures for spinal slices were adapted from those of Glhwiler (198 l), GPhwiler et al. (1990) and Braschler et al. (1989) . Following immersion in culture medium, specimens were placed in a moist, 5% CO, incubator at 35.5"C. The specimens remained stationary for the first 2 hr in culture; thereafter they were gently rocked side to side once every minute so that the slices were completely immersed in medium for only about one-half of the total incubation period. The culture medium was exchanged every 3 d. these experiments because both subsets of motor neurons (SMNs and AMNs) were still located within a single, primitive column at this stage of development. Retrograde labeling of motor neurons was accomplished in these experiments by injecting the fluorescent carbocyanine dye DiI (Molecular Probes, Inc.; see Honig and Hume, 1989) . Solutions of 0.1% or 0.5% DiI, dissolved in either absolute ethanol, dimethylformamide, or vegetable oil (Wesson), were injected from glass micropipettes (tip diameters of 5-10 pm) by air pressure that was regulated with a Picospritzer II (General Valve Co.). Two different injection modes were used. The first method of retrograde labeling (living mode) was to inject DiI into the ventral roots and paravertebral sympathetic ganglia of the 300-400~pm-thick spinal slices after a l-2 hr incubation, during which time the slices became anchored to the culture dish. A change of medium was made subsequent to these injections before the specimens were returned to the incubator for various times in culture. The slices were fixed in 4% paraformaldehyde in phosphate buffer (pH 7.2) for 4 hr at 4°C at the termination of the in vitro period. The second mode for labeling motor neurons (fixed mode) was to culture the slices as described above for various times, fix the slices in 4% paraformaldehyde, and inject DiI into the same locations as described for the living mode. The fixed injection mode was used to optimize morphological details, and the living injection mode was used for experiments that required labeling at the beginning of the culture period. No significant differences were observed between the results obtained by these two different modes of injection.
The translocation patterns of AMNs in vitro were studied by DiI injections of both fixed and living slices. For thefuced slice injections, slices were obtained at El4 (common motor column stage), and they were cultured for 2, 24, 48, or 72 hr before the culture medium was replaced with 4% paraformaldehyde in Millonig's phosphate buffer.
Following fixation for at least 4 hr, DiI was injected as described above and these specimens were stored in the dark at 4°C for periods up to 6 weeks to allow for retrograde labeling of the AMNs and SMNs. For the living slice injections, the ventral roots and paravertebral ganglia were iniected with DiI immediately after the slices became anchored to the culture dishes. Clusters of DiI labeled cells in living spinal slices were followed on a dav-to-dav basis over a 3 d period (24. 48, and 72 hr) with confocal microscopy, using low magnifications and relatively weak laser intensities to record daily cell movements. Increasing magnification and laser intensity killed DiI-labeled cells, thereby limiting the usefulness of this paradigm to low-resolution images. In order to obtain higher-resolution images of motor neuronal translocation patterns in injected living specimens, El4 spinal slices were injected with DiI, and these slices were fixed either 2 or 72 hr following iniection, times known from our previous observations to represent <he single and separated motor subcolumn states, respectively. Ablation of Daravertebral .ean,elia in vitro. Slices of El4 spinal cord
were injected with DiI and cultured for 4 hr as detailed above. Specimens were taken from the incubator, and all tissues ventral to the spinal cords, including the paravertebral ganglia, were excised microsurgically and discarded. After 3 d of culture, the slices were fixed (see above) for confocal microscopy.
Confocal microscopy A Zeiss LSM 10 laser scanning confocal microscope was used to observe and record dinital images of optical sections 2.5-10 wrn thick through the entire cultired slick Digital images were stored on optical disks for subsequent three-dimensional reconstruction and other image analyses with a PC workstation using MICROVOXEL software (INDEC Systems, Inc.; Capitola, CA).
Results

Experimental paradigms
Characteristics of spinal slices in culture Survival in culture. In order to determine the viability of the embryonic slices, El4 and El6 specimens were cultured for 2-21 d. Viability of Preliminary studies were conducted to determine embryonic , 1986; Dodd et al., 1988 ; for methods, motor neuronal survival, and the presence of neurofilament see Vaughn et al., 1992) , and low-molecular-weight neurofilament proprotein was used to reveal axonal projections to peripheral tartein (antibody=MO-3d; for details, see Chen and Chiu, 1992) .
gets. In addition, immunocytochemical detection of a surface AMN translocation. Embryonic day 14 specimens were selected for component of early forming circumferential neurons was used to determine whether axonal pathways putatively associated with AMN translocation survived in the slice preparations. Slices from E 14 and E 16 embryos were cultured for periods ranging from 2 to 2 1 d. Results from these experiments were as follows. First, ChAT was expressed in both AMNs and SMNs of El4 spinal slices cultured for 24 hr (Fig. l) , as well as in ventral horn neurons of E 16 slices cultured for 2 1 d (504 hr, Fig. 2 ). Second, spinal slices from El4 specimens contained neurons that expressed SNAP/TAG-1 after 2 d in culture, and a relatively normal appearance was observed for commissural, association, and dorsal root fibers in these specimens (Fig. 3) . Third, neurofilament protein was expressed in spinal neurons of El 6 slices cultured for up to 96 hr (Fig. 4) . Spinal cord slices maintained their characteristic shapes, and exhibited fiber projection into both somatic muscles and the paravertebral sympathetic ganglia (Fig. 5) . Such histotypic features were exhibited by many spinal slices for at least 72 hr in culture. However, there were abnormal fiber pathways crossing in both the dorsal part of the spinal slice and between the autonomic ganglia on either side of the midline (Fig. 5) . The aberrant pathway in the dorsal spinal cord was composed of dorsal root ganglion fibers, at least in part, and these fibers appeared to be restricted to the upper, outside surface of the slice and did not cross the midline within the parenchyma of the slice proper. Consequently, this relatively minor abnormality had no apparent affect on AMN translocations as determined in the experiments described below.
AA4N translocation patterns in vitro
In addition to the survival and histotypic characteristics described above, the AMN translocation patterns in cultured slices mimicked those observed in vivo. Spinal slices from El4 embryos that were cultured for 2 or 24 hr contained a singlecolumn of AMNs and SMNs, as identified by DiI injections into both living (Fig. 6 ) and fixed (Fig. 7) slices. The dense clustering of motor neurons into a single column at 2 hr in culture throughout the entire slice was confirmed by optical sectioning with the confocal microscope and subsequent three-dimensional reconstructions of the electronically stored images (Fig. 8) . In contrast, confocal microscopy of El4 spinal slices cultured for 72 hr revealed that DiI-labeled motor neurons had separated into two, distinct subcolumns, one located in the ventral horn and the other in the intermediolateral horn (Fig. 9) . Optical sectioning and three-dimensional reconstructions confirmed the physical separation between the two subcolumns throughout the entire z-axis of the slices (Fig. 10) . In addition to the dorsoventral separation of the two motor subcolumns, some El4 slices cultured for 72 hr contained DiI-labeled neurons that were oriented mediolaterally and appeared to be separating medially from the dorsal, intermediolateral column toward the ventricular zone ( Fig. 1 la,b) . Relatively normal translocations of AMNs were + The Journal of Neuroscience, November 1993, f3 (11) 4901 observed in about three-quarters of the samples, whereas the remaining one-quarter exhibited either slight or no apparent signs of AMN translocation.
Results from El4 spinal slices cultured for 48 hr exhibited stages in the arrangements of motor neurons that were intermediate or transitional between those observed after 24 and 72 hr in culture. Furthermore, images from the same El4 slices observed on sequential days of culture revealed a gradual, progressive transition between the single and separated subcolumns of motor neurons (Figs. 12-l 4) . During transitional stages, some neurons were observed that exhibited a relatively simple bipolar orientation in the dorsoventral axis (Fig. 15) . In contrast, toward the end of the transition period, some dorsally located neurons were displaced toward the spinal midline and exhibited bipolar neurites oriented mediolaterally (Figs. 15, 16 ).
Removal of AMN peripheral target tissue
The following experiments were conducted to determine whether or not AMN connections with their peripheral synaptic targets play a role in the translocation patterns observed for these neurons. Four hours after DiI was injected into the paravertebral ganglia, the ventral parts of embryonic trunk slices containing these ganglia were removed microsurgically. These experimentally altered preparations were cultured for a total in vitro time of 72 hr. Following incubation, the specimens were fixed and examined to determine if the dorsal translocation of AMNs occurred when their normal synaptic targets were no longer present. These samples revealed the same dorsal translocation of AMNs as observed in intact spinal slices that were connected to the paravertebral ganglia. Over one-half of the surgically perturbed samples exhibited a pronounced dorsoventral separation of DiI-labeled cells into two distinct motor subcolumns (Fig. 17) and, in a few cases, evidence of a mediolateral translocation of some of the dorsalmost cells was also apparent (not shown). In another one-quarter of the experimentally altered specimens, there was a dorsal translocation of labeled cells, but no clear separation into distinct subcolumns. This same pattern was also observed occasionally in intact slices. As was the case for intact slices, the remaining one-quarter of the experimentally altered samples displayed little or no sign ofAMN translocation.
Discussion
Principal findings of this investigation were that the cultured spinal slices remained viable and exhibited histotypic characteristics such as shape and connectivities over the period of time necessary for them to be useful for AMN translocation studies. Most importantly, it was found that the AMN patterns ofmovement in cultured embryonic spinal slice preparations were very similar to those observed in vivo (Markham and Vaughn, 199 1; Phelps et al., 199 la) . Furthermore, when the maturation of the Figure I . E 14 + 24 hr in culture. Immunocytochemical staining reveals that both somatic motor neurons @MN) and autonomic motor neurons (AM%') express ChAT immunoreaction product, and that they are just beginning their separation into two motor subcolumns. This relatively highmagnification photomicrograph contains a hemisection of only the ventral one-third of the spinal cord. For orientation, the ventral root (IQ) is indicated in the lower right comer. Scale bar, 100 Mm. shape and intense immunocytochemical staining of dorsal root ganglion (DRG), dorsal funiculus (df), and spinal nerve fibers (arrows) . Within the spinal gray matter, immunoreactive association (a) and commissural (c) fibers have a normal distribution for an E16.5 embryo (see Vaughn et al., 1992) . The lateral funiculus (Lfl and Boor plate (fp) of the developing spinal cord are designated for orientation. Only the dense band of SNAP/ TAG-l-positive fibers in the skin overlying the dorsal spinal cord is aberrant. Scale bar, 300 pm. same slice was observed daily, we could monitor the progression of motor neuronal development from a single, primitive motor column into two fully separated subcolumns.
Nature of AMN translocation ently, there is no direct evidence that AMNs are actively migrating. Despite this lack,' cellular migration is the most likely interpretation for AMN translocation if two alternative possibilities can be excluded. The first possibility is that the dorsally located AMNs may be a separate, more dorsally located cell In this and previous studies (Markham and Vaughn, 199 1; Phelps population from the beginning, and that they only appear to et al., 199 1 a), care has been taken to designate our observations translocate dorsally because they become labeled by retrograde as neuronal translocations rather than migrations because, prestracer at older embryonic stages due to a later arrival of their t Figure 5 . El4 + 24 hr in culture. A whole-mount spinal slice that was stained immunocytochemically for neurofilament protein. Motor projections from the ventral horn (VH) into regions containing somatic muscles (small arrows; muscles not stained) and paravertebral sympathetic ganglia (large arrows) appear histotypic. Robust dorsal root ganglia (DRG) and primary afferent fibers are present, and the specimen exhibits a histotypic appearance except for aberrant fibers that project superficially across the dorsal horn (crossed arrow) and those that form a small commissure between the sympathetic ganglia (arrowheads). Scale bar, 500 pm. axons within the tracer-injected paravertebral ganglia. However, a number of observations argue against this theoretical possibility. For example, an identical translocation pattern to that obtained by HRP retrograde labeling from autonomic ganglia (Markham and Vaughn, 1991) is revealed by the technique of ChAT immunocytochemistry (Phelps et al., 199 la) . Since the expression of ChAT immunoreactivity within spinal motor neurons is known to precede the time that the axons of these cells reach their peripheral targets (Rubin, 1985a ,b, Phelps et al., 1990 , it should provide an independent measure of AMN translocations. Thus, the same dorsal progression of both ChAT-positive and HRP-labeled AMNs argues against the idea that a delayed visualization of a later-forming, more dorsally located population of AMN precursors was the actual basis for the apparent dorsal translocation of these cells. In addition, as reported in the present study, a persuasive argument against a delayed differentiation of dorsally located AMN precursors is provided by the fact that dorsal translocations of AMNs occurred in cultured spinal slice preparations even when the DiI injected paravertebral ganglia were removed from the cultured slices. After this microsurgical manipulation, the ganglia could no longer have served as sources of retrograde label for laterarriving axons. Consequently, DiI-labeled AMNs in the intermediolateral column following 72 hr in culture must have been labeled when they all were still located within the ventral, primitive motor column (E14, onset of culture period). Since the available evidence strongly favors a dorsal translocation of AMNs from the primitive motor column, the question arises as to whether this is due to a passive, dorsal displacement of AMNs by the insertion of either newly generated cells or neuropil between the two motor neuronal subsets. Available observations cast doubt upon this possibility. First, it seems clear that the transition from the mixture of AMNs and SMNs in the El 3.5 primitive motor column to the dorsoventral segregation observed at E14-E 14.5 (Markham and Vaughn, 199 1) would be difficult to achieve by a simple, passive displacement Figure 15 . El 4 + 72 hr in culture. In Figures 15-l 7 , the autonomic ganglia and ventral roots of spinal slices were injected with DiI either following fixation (Figs. 15, 16 ) or in the living state (Fig. 17) . In Figure 15 caused by an ingrowth of new cells or the expansion of developing neuropil. Both mechanisms would appear to lack the precision necessary to sort out and systematically displace the two, intermixed subsets of motor neurons. Thus, the initial conversion from an integrated distribution to a dorsoventral segregation of AMNs and SMNs within the primitive motor column implies an active cellular migration. Another argument against a passive displacement of AMNs is that translocating cells exhibited the same morphological features as actively migrating neurons in other regions of the developing CNS (e.g., Rakic, 1972 Rakic, , 1990 . During the period ofthe dorsal translocation, AMNs are bipolar cells whose processes are directed in the axis of cellular movement (Markham and Vaughn, 199 1; Phelps et al., 199 1 a) . A third argument against the passive displacement hypothesis is that observations made at closely spaced, intermediate times revealed that the apparent movements of AMNs were consistent with progressive transitions that started with a few cells and continued with increasingly more numerous AMNs becoming separated dorsally from the SMNs in the ventral spinal cord. This is in contrast to the pattern that might be expected if a single, large group of cells was being split into two subunits by the insertion of other tissue components. Thus, presently available evidence does not favor the possibilities either that AMNs arise from a separate, later-forming subpopulation of cells located dorsally to the SMNs, or that they are passively displaced from the primitive motor column by the insertion of other histogenic elements. Therefore, the possibility of an active migration of AMNs is a logical, third alternative. If AMNs are actively migrating, the question arises as to what elements of the developing spinal cord might serve as guides or substrates for this migration. The most commonly defined pathway for neuronal migration is provided by radial glial processes (Rakic, 1972 (Rakic, , 1990 Hatten, 1990; Hatten and Mason, 1990) but, in the case ofAMNs, the orientation ofsuch radial processes is perpendicular to the direction of cellular movement (Markham and Vaughn, 1991; Phelps et al., 1991a) . In contrast, the axons of early-forming circumferential spinal interneurons exhibit the appropriate spatial and temporal characteristics to provide a route for the AMN migration (Phelps et al., 199 1 b, 1993; Vaughn et al., 1992) . This possibility is based on circumstantial evidence and requires experimental validation. The present findings provide an important step in this direction by showing that AMN translocation patterns in vivo are mimicked in the cultured spinal slice preparation, thereby allowing for such experimental perturbations of AMN migrations within this histotypic, yet accessible, developing system.
Relation of cellular translocations to peripheral target
The utility of the spinal slice preparation for such experimental manipulations has been demonstrated in the present investigation by the microsurgical removal of the synaptic targets of AMNs in the periphery. The fact that both AMNs and SMNs have their axons in close proximity to their respective peripheral synaptic targets while they are still intermixed in the primitive motor column (Markham and Vaughn, 199 1) suggests the possibility that some differentiation factor derived from the periphery might play a role in the formation of separate motor neuronal subcolumns. Specifically, one might suspect that AMN migration depends upon some signal(s) derived from the paravertebral chain ganglia. The spinal slice provided a means to test this possibility since the effect of target removal on subsequent AMN translocation could be ascertained. These experiments showed that continuous axonal connection to synaptic targets was not necessary to sustain the AMN translocations that occur in developing rat spinal cord. However, since AMNs were identified by retrograde labeling from the peripheral targets, the present experiments did not address the issue of whether initial contacts of AMN axons with their peripheral targets might have been sufficient for a one time induction in AMNs that affected their subsequent migration. Evidence against this possibility is available from studies conducted in chick embryos (e.g., Prasad and Hollyday, 199 l) , but it remains to be obtained for the more complex AMN migration patterns of mammalian species.
Conclusions
The findings of this investigation (1) have shown that in vivo translocation patterns of motor neurons are mimicked within in vitro, organotypic spinal slices (Fig. 18) ; (2) have confirmed the dorsal translocation of autonomic motor neurons; (3) have strengthened the possibility that this translocation is due to an actual cellular migration; (4) have shown that the dorsal and dorsomedial movements of autonomic motor neurons are independent ofcontinuous connection with peripheral targets (Fig.  18) ; and (5) have demonstrated the utility of embryonic, mammalian spinal slices for experimental analyses designed to define the structural and molecular substrates of motor neuronal migration. Once such substrates have been defined, it will become feasible to examine the possible roles played by migratory pathways upon the differentiation of motor neuronal phenotypes.
